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The C. elegans hmr-1 Gene Can Encode
a Neuronal Classic Cadherin Involved
in the Regulation of Axon Fasciculation
characterized classic cadherin hmr-1 (Genefinder desig-
nation: W02B9.1) [7], which lies 18 kb downstream of the
last predicted exon of Y52B11B.2. Reverse transcription
(RT)-PCR amplification of mRNA using primers derived
from Y52B11B.2 and W02B9.1 revealed the presence of
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United Kingdom transcripts containing sequences from the coding re-
gion of Y52B11B.2 spliced to exon 2 of W02B9.1, via a
novel exon that overlaps with exon 1 of W02B9.1 (Figure
1A). Remarkably, this exon encodes part of a cadherinSummary
repeat in a different, overlapping reading frame to that
encoded by exon 1 of W02B9.1, but is in frame with theNervous system morphogenesis is characterized by
upstream exon from Y52B11B.2 and the downstreamextensive interactions between individual axon growth
exon 2 of W02B9.1. This splicing event generates a cod-cones and their cellular environments. Selective cell
ing region for a complete, novel cadherin repeat (Figureadhesion is one mechanism by which the growth of
1A), indicating that the hmr-1 gene has the potentialan axon can be modulated, and members of the classic
to encode two isoforms: one encoded by W02B9.1, ascadherin group of cell adhesion molecules have been
previously described [7], and another encoded by se-shown to play a role in this process in both vertebrates
quences derived from ZK39.1, Y52B11B.2, and W02B9.1and Drosophila [1–4]. In Drosophila, there are two clas-
(see the Supplementary Material). The generation ofsic cadherins: one involved primarily in regulating the
more than one cadherin from a single locus is not withoutmorphogenesis of epithelia [5, 6], and the other, DN-
precedence; the vertebrate protocadherin genes displaycadherin [3], required almost exclusively in neuronal
complex patterns of alternative splicing that generatedevelopment. In contrast, C. elegans has a single clas-
multiple cadherin-related neuronal receptor (CNR) iso-sic cadherin gene, hmr-1, whose function is required
forms [12, 13]. In accordance with standard C. elegansfor epithelial morphogenesis [7]. We show here that
nomenclature (http://biosci.umn.edu/CGC/Nomencla-hmr-1 also encodes a second classic cadherin via a
ture/nomenguid.htm), we subsequently refer to thenovel mechanism involving an alternative, neuron-spe-
product of W02B9.1 alone as HMR-1A, and we refer tocific promoter, coupled with alternative splicing. This
the larger isoform as HMR-1B.novel HMR-1 isoform is very similar to DN-cadherin, and
Conceptual translation of the composite HMR-1Ba mutant strain that specifically lacks the function of
cDNA sequence revealed a predicted 2920-residue pro-this isoform displays defects in the fasciculation and
tein containing 15 cadherin repeats (Figure 1B). Data-outgrowth of a subset of motor neuron processes; a
base searches indicated that HMR-1B is most similarphenotype that resembles loss of DN-cadherin function
to DN-cadherin [3]. A comparison of individual HMR-1Bin Drosophila. These results indicate that Drosophila and
cadherin repeats to the Swissprot database [14] re-C. elegans share a conserved, cadherin-dependent
vealed a strong correspondence between the individualmechanism involved in regulating axonal patterning
repeats of the two proteins (Figure 1B; Table 1), sug-and fasciculation.
gesting that HMR-1B and DN-cadherin are functional
homologs. This degree of similarity between corre-
Results and Discussion sponding repeats is not found in other comparisons
between Drosophila and C. elegans cadherins [11] and
Cadherins are a diverse group of cell adhesion mole- suggests conservation of function at the level of individ-
cules that regulate many morphogenetic events during ual repeats.
animal development [8]. Several subtypes of cadherins The revised hmr-1 gene structure suggested that ex-
can be recognized, including the classic cadherins, pression of HMR-1B was directed, at least in part, by
whose cytoplasmic tails interact with a conserved set promoter elements located upstream of its predicted
of cytoplasmic proteins, the catenins [9]. During the start codon. Expression of a GFP-based reporter con-
analysis of the cadherin superfamily in C. elegans, we struct (PHMR-1B::gfp), which placed the gfp gene under the
and others [10, 11] noticed a Genefinder-predicted gene, control of 4 kb of HMR-1B upstream sequence, was
Y52B11B.2, that appeared to encode a truncated cadh- confined to the nervous system in all developmental
erin that lacked both an obvious transmembrane-span- stages (Figures 2A and 2B), including the DD, VD, and
ning region and an N-terminal signal peptide. Amplifica- AS class of motor neurons [15]. Although some aspects
tion of the 5 end of transcripts derived from Y52B11B.2 of endogenous HMR-1B function may be absent from
revealed that the missing N-terminal-coding region of the PHMR-1B::gfp expression pattern, the fact that the
this putative cadherin is encoded by ZK39.1, a predicted HMR-1B promoter directed expression within the ner-
gene located just upstream of Y52B11B.2. However, the vous system suggested that HMR-1B might function in
only coding region capable of encoding the missing the morphogenesis of this tissue.
transmembrane sequence was that of the previously We examined hmr-1(zu389) homozygotes for evi-
dence of defects in neuronal development, since this
mutation is predicted to truncate both HMR-1A and1 Correspondence: j.pettitt@abdn.ac.uk
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Figure 1. The hmr-1 Locus Can Encode Two
Classic Cadherins
(A) Representation of the hmr-1 gene struc-
ture, based upon cDNA sequences derived
from RT-PCR and 5-RACE sequences. The
Genefinder-predicted coding regions that
contribute to the revised gene structure are
labeled. The locations of the two alternative
promoters, derived from experimental analy-
sis of the upstream sequences, are indicated
by open arrow signs. HMR-1B- and HMR-1A-
specific coding sequences are indicated by
gray and black shading, respectively. Coding
regions common to both isoforms are indi-
cated by stippling. White boxes represent 5-
UTR sequences, defined on the basis of se-
quence analysis of 5-RACE products, which
showed that both HMR-1A and HMR-1B tran-
scripts are trans-spliced to the SL1-spliced
leader RNA. The splicing of the partially over-
lapping alternative exons is indicated by the
branched lines. The sequence of this region
is shown in the lower half of the figure to
illustrate the alternative splicing used to gen-
erate HMR-1B. Acceptor and donor splice
sites are underlined, and the translation of
the alternative exons is shown below the DNA
sequence, shaded according to the scheme
used in the upper figure. Translation coordi-
nates are given for the two isoforms. Key resi-
dues diagnostic of cadherin repeats are
underlined. The DNA sequence coordinates
are derived from the sequence of the cosmid
W02B9.
(B) A schematic of the predicted HMR-1B pri-
mary sequence in comparison to the pre-
viously described HMR-1A and DN-cadherin
sequences (EMBL accession numbers O44327
and Q9VJB7, respectively). The sequence of
the HMR-1B cDNA has been submitted to
EMBL under accession number AJ307058. The different domains in each molecule are shaded as given in the key. The NCC domain refers
to the nonchordate classic cadherin [23, 24]. The matches between corresponding cadherin repeats of HMR-1B and DN-cadherin are indicated
by dotted lines. The cadherin repeats (CR) in HMR-1B and DN-cadherin are numbered. CR2 indicates a cadherin repeat not defined in the
previously published DN-cadherin sequence, which shares significant similarity to CR2 in HMR-1B (Table 1). The position of the hmr-1(zu389)
mutation is indicated. Arrowheads mark the N terminus of the region shared by HMR-1A and HMR-1B.
HMR-1B (Figure 2). However, since such animals arrest the right tract (Figure 2D; Table 2). This defasciculation
of the GFP-expressing axons is not observed in wild-as embryos with profound morphological defects [7], it
is difficult to assess the specific contribution made by type animals (Figure 2C; Table 2). We also observed that
motor neuron processes in the dorsal nerve cord (DNC)HMR-1B to neuronal development. We therefore con-
structed a zu389 homozygous strain that was specifi- sometimes failed to remain tightly fasciculated in zu389;
feEx12 animals (data not shown). To clarify which axonscally rescued for HMR-1A function by the wild-type
W02B9.1 transgene (feEx12). zu389; feEx12 animals ap- were affected, we generated a zu389; feEx12 strain car-
rying integrated copies of the unc-47::gfp construct,peared morphologically normal (except for a helically
twisted body caused by the rol-6(su1006) transforma- which is expressed in the DD and VD neurons, but not
in the AS neurons [17]. We did not observe any fascicula-tion marker [16]) and did not display any obvious move-
ment defects. Examination of the morphology of the DD, tion defects in these animals, suggesting that the de-
fects we observed corresponded to abnormally fascicu-AS, and VD motor neurons by introducing the PHMR-1B::gfp
reporter construct into this genetic background revealed lated AS neurons.
In addition to fasciculation defects, we also observedvariable defects in the structure of the axonal scaffold
(Figures 2D and 2E; Table 2). The ventral nerve cord outgrowth defects in the circumferential commissures.
In wild-type animals, the extending AS, DD, and VD(VNC) is highly asymmetric in C. elegans, with the major-
ity of axons, including those of the DD, VD, and AS motor axons leave the VNC and migrate circumferentially to
innervate the DNC in a stereotypical pattern [15]. Withneurons, running in the right-hand tract [15]. In zu389;
feEx12, we observed motor neuron axons that crossed two exceptions, all AS, DD, and VD axons form commis-
sures along the right-hand side of the animal, althoughover the ventral midline to run in the left-hand tract of
the VNC, often recrossing the midline and returning to there is some variability from this canonical pattern even
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double-stranded RNA derived from HMR-1B-specificTable 1. Correspondence between Cadherin Repeats of HMR-1B
and DN-Cadherin coding sequences, under the control of the HMR-1B
promoter. Expression of such double-stranded RNACadherin Repeat
species in vivo has previously been shown to produce
HMR-1B DN-Cadherin % Similarity E Value specific inhibition of gene function in the nervous system
CR1 No matcha [20]. Animals carrying the HMR-1B snapback construct
CR2 CR2 (544–651)b 50 4.2  107 revealed a similar spectrum of fasciculation and com-
CR3 CR3 61 8.0  1011 missure guidance defects to those observed in the
CR4 CR4 59 1.4  1013 HMR-1B mutant strain (Table 2), confirming the require-
CR5 CR5 56 4.4  1010
ment for HMR-1B in axon guidance.CR6 CR6 57 1.7  1015
The defects in axon guidance and fasciculation thatCR7 CR7 54 3.1  109
CR8 CR8 52 7.5  108 we observed can be readily explained in terms of de-
CR9 CR9 51 3.2  1014 creased cell-cell interactions. Processes from AS, DD,
CR10 CR10 53c 3.9 1011c and VD neurons are always found running adjacently in
CR11 CR11 63 1.1  1020 the adult VNCs of adult animals [15], and it is likely that,
CR12 CR12 52d 6.1  106d
during postembryonic development, the processes ofCR13 CR13 42c 2.7  105c
the AS and VD neurons extend along, and receive guid-CR14 CR14 58c 5.1  109c
CR15 CR15 56 2.1  105 ance cues from, the preexisting DD neuron axons. Our
results suggest that HMR-1B maintains and stabilizesResults obtained by searching the Swall nonredundant protein se-
interactions between the growing VD and AS axons andquence database [14] with individual HMR-1B cadherin repeats using
the preexisting DD axonal processes. For instance,the Web-based WU-BLAST implementation at the EBI (http:/www.ebi.
ac.uk/blast2/). Except where indicated, the highest scoring match HMR-1B may function to stabilize the interactions be-
of a given HMR-1B cadherin repeat to sequences other than itself tween the exploratory filopodia sent out by the VD axons
is to the corresponding cadherin repeat in DN-cadherin (Figure 1B). just prior to innervation of the DNC [21]. This would
a HMR-1B CR1 does not significantly (E value  1  103) match
explain why, in animals with reduced HMR-1B function,any cadherin repeat in DN-cadherin.
many of the commissures that fail to reach the DNCb This match is to the region between CR2 and CR3, not previously
meander laterally along the level of the dorsal muscleidentified as a cadherin repeat (Figure 1B). The amino acid coordi-
nates of this region are given in brackets. quadrant (Figure 2E). However, we cannot rule out a
c Highest scoring match in DN-cadherin, but not the highest scoring possible role for HMR-1B-promoted interactions be-
match in the database. tween AS and VD growth cones and the epithelia and
d Not the highest scoring match in the database, and only the second
other cells with which they are in contact.highest scoring match in DN-cadherin (the highest scoring match
Loss of DN-cadherin, or the cell adhesive functionin DN-cadherin is to CR6 [E value  2.1  108]).
of its putative -catenin, neuronal Armadillo, results in
similar defects in axon outgrowth in Drosophila [3, 22],
leading to a similar interpretation for the function of this
in wild-type animals [18] (Table 2). In zu389; feEx12 ani- classic cadherin in nervous system development. The
mals, the penetrance of divergence from the normal functional and structural similarity between HMR-1B
pattern of commissure formation is considerably en- and DN-cadherin suggests that they form part of a con-
hanced, with half of the animals examined displaying served neuron-specific classic cadherin adhesion sys-
one or more commissures on the opposite side of the tem. The extracellular domain structure shared between
animal to the canonical pattern (Figure 2E; Table 2). We HMR-1B and DN-cadherin differs from that of the verte-
also observed failures of commissures to reach the DNC brate neuronal classic cadherins, and the relationship
(Figure 2E; Table 2); the affected axons usually wander- between these two groups of proteins are unclear. Nev-
ing laterally for some distance before terminating, often ertheless the striking similarity between HMR-1B and
with a branched structure. DN-cadherin suggests the existence of a conserved
These observations suggested that loss of HMR-1B class of invertebrate neuronal classic cadherins that
function results in disruption of axonal guidance in a sub- predates the radiation of the arthropod and nematode
set of motor neurons. However, we were concerned that lineages.
the defects we observed in zu389; feEx12 animals might
not have been due to loss of HMR-1B function alone, Supplementary Material
Supplementary Material detailing sequence analysis and strainsince these animals also overexpressed the HMR-1A
construction is available at http://images.cellpress.com/supmat/isoform. Indeed, we found that animals carrying feEx12
supmatin.htm.in a wild-type hmr-1 background displayed increased
levels of commissure guidance defects compared to
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Figure 2. HMR-1 Acts to Regulate the Mor-
phology of Motor Neurons
(A and B) Representative animals expressing
GFP under the control of 4 kb of HMR-1B
upstream sequences. (A) A lateral view of a
first-stage L1 larva. Arrows indicate the cell
bodies of the DD class neurons in the VNC,
which send out processes during embryonic
morphogenesis. The nerve ring is indicated
by an arrowhead. (B) A ventral view of an
adult (the animal is helically twisted about its
head-tail axis due to the activity of the rol-
6(su1006) gene used as a transformation
marker) showing expression in both ventral
(arrowheads) and dorsal (small arrow) nerve
cords. Asterisks indicate the position of com-
missures that extend along the right-hand
body wall from the VNC to the DNC. The loca-
tions of the nerve ring (NR) and the retrovesic-
ular ganglion (RVG) are indicated.
(C) A ventral view of a wild-type adult her-
maphrodite showing the right-hand tract of
VNC (arrow) visualized by PHMR-1B::gfp expres-
sion. Note the position of the cell bodies of
the motor neurons, which lie on the ventral
midline.
(D) A ventral view of a representative HMR-1B
mutant showing fasciculation defects in the
VNC as visualized by PHMR-1B::gfp expression
The arrow indicates an aberrant process running in the left-hand tract.
(E) A dorsal view of an HMR-1B mutant, carrying the unc-47::gfp construct, showing inappropriate outgrowth of the VD3 commissure along
the left-hand side of the body wall (arrow), coupled with a failure of the VD6 commissure to reach the dorsal nerve cord (). An asterisk
indicates the DD1/VD2 commissure for orientation.
The scale bars in (A) and (B) represent 10 m and 100 m, respectively. The scale bar in (C) represents 80 m; (C), (D), and (E) are at the
same magnification. Anterior is oriented toward the left in all panels.
sented here was supported by grants from The Wellcome Trust 2. Riehl, R., Johnson, K., Bradley, R., Grunwald, G.B., Cornel, E.,
Lilienbaum, A., and Holt, C.E. (1996). Cadherin function is re-(Project Grant 050720/Z/97/Z/PMG/LB) and The Royal Society.
quired for axon outgrowth in retinal ganglion cells in vivo. Neu-
ron 17, 837–848.Received: June 15, 2001
Revised: October 29, 2001 3. Iwai, Y., Usui, T., Hirano, S., Steward, R., Takeichi, M., and
Uemura, T. (1997). Axon patterning requires DN-cadherin, aAccepted: October 30, 2001
Published: January 8, 2002 novel neuronal adhesion receptor, in the Drosophila embryonic
CNS. Neuron 19, 77–89.
4. Lee, C.-H., Herman, T., Clandinin, T.R., Lee, R., and Zipursky,References
S.L. (2001). N-cadherin regulates target specificity in the Dro-
sophila visual system. Neuron 30, 437–450.1. Inoue, A., and Sanes, J.R. (1997). Lamina-specific connectivity
in the brain: regulation by N-cadherin, neurotrophins, and glyco- 5. Tepass, U., Gruszynskidefeo, E., Haag, T.A., Omatyar, L., Torok,
T., and Hartenstein, V. (1996). shotgun encodes Drosophilaconjugates. Science 276, 1428–1431.
Table 2. Reduction of HMR-1B Function Causes Defects in Axon Morphology
Axonal Defects (%)
Reporter Commissure Commissure
Genotype Transgene na Fasciculationb Guidancec Sidednessd
hmr-1() PHMR-1B::gfp 11 0 9 0
hmr-1() unc-47::gfp 21 0 0 19
hmr-1(zu389); feEx12 PHRM-1B::gfp 29 38 84 41
hmr-1(zu389); feEx12 unc-47::gfp 24 0 71 50
hmr-1(); feEx12 PHMR-1B::gfp 21 0 33 0
hmr-1(); feEx12 unc-47::gfp 31 0 25 13
hmr-1(); feEx15 PHMR-1B::gfp 37 46 95 54
hmr-1(); feEx15 unc-47::gfp 13 0 52 47
feEx12 and feEx15 are extrachromosomal arrays bearing the HMR-1A-rescuing construct, pW02-21, and the HMR-1B RNAi snap-back construct,
respectively.
a Number of animals scored for each phenotypic category.
b Indicates the percentage of animals displaying one or more axons crossing into the left-hand tract in the VNC.
c Indicates the percentage of animals displaying one or more commissures that follow aberrant trajectories and fail to reach the dorsal cord.
d Indicates the percentage of animals displaying one or more commissures that follow aberrant trajectories along the opposite side of the
animal to the canonical commissural routes [15].
Brief Communication
63
E-cadherin and is preferentially required during cell re-
arrangement in the neurectoderm and other morphogenetically
active epithelia. Genes Dev. 10, 672–685.
6. Uemura, T., Oda, H., Kraut, R., Hayashi, S., Kataoka, Y., and
Takeichi, M. (1996). Zygotic Drosophila E-cadherin expression
is required for processes of dynamic epithelial cell rearrange-
ment in the Drosophila embryo. Genes Dev. 10, 659–671.
7. Costa, M., Raich, W., Agbunag, C., Leung, B., Hardin, J., and
Priess, J.R. (1998). A putative catenin-cadherin system medi-
ates morphogenesis of the Caenorhabditis elegans embryo. J.
Cell Biol. 141, 297–308.
8. Tepass, U., Truong, K., Godt, D., Ikura, M., and Peifer, M. (2000).
Cadherins in embryonic and neural morphogenesis. Nat. Rev.
Mol. Cell Biol. 1, 91–100.
9. Yap, A.S., Brieher, W.M., and Gumbiner, B.M. (1997). Molecular
and functional analysis of cadherin-based adherens junctions.
Annu. Rev. Cell Dev. Biol. 13, 119–146.
10. Hutter, H., Vogel, B.E., Plenefisch, J.D., Norris, C.R., Proenca,
R.B., Spieth, J., Guo, C., Mastwal, S., Zhu, X., Scheel, J., et al.
(2000). Conservation and novelty in the evolution of cell adhe-
sion and extracellular matrix genes. Science 287, 989–994.
11. Hill, E., Broadbent, I.D., Chothia, C., and Pettitt, J. (2001). Cadh-
erin superfamily proteins in Caenorhabditis elegans and Dro-
sophila melanogaster. J. Mol. Biol. 305, 1011–1024.
12. Wu, Q., and Maniatis, T. (1999). A striking organization of a large
family of human neural cadherin-like cell adhesion genes. Cell
97, 779–790.
13. Sugino, H., Hamada, S., Yasuda, R., Tuji, A., Matsuda, Y., Fujita,
M., and Yagi, T. (2000). Genomic organization of the family of
CNR cadherin genes in mice and humans. Genomics 63, 75–87.
14. Bairoch, A., and Apweiler, R. (2000). The SWISS-PROT protein
sequence database and its supplement TrEMBL in 2000. Nu-
cleic Acids Res. 28, 45–48.
15. White, J.G., Southgate, E., Thomson, J.N., and Brenner, S.
(1986). The structure of the nervous system of the nematode
C. elegans. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 314, 1–340.
16. Mello, C.C., Kramer, J.M., Stinchcomb, D., and Ambros, V.
(1991). Efficient gene transfer in C. elegans: extrachromosomal
maintenance and integration of transforming sequences. EMBO
J. 10, 3959–3970.
17. Mcintire, S.L., Reimer, R.J., Schuske, K., Edwards, R.H., and
Jorgensen, E.M. (1997). Identification and characterization of
the vesicular GABA transporter. Nature 389, 870–876.
18. Mcintire, S.L., Garriga, G., White, J., Jacobson, D., and Horvitz,
H.R. (1992). Genes necessary for directed axonal elongation or
fasciculation in C. elegans. Neuron 8, 307–322.
19. Fire, A., Xu, S., Montgomery, M., Kostas, S.A., Driver, S.E., and
Mello, C.C. (1998). Potent and specific genetic interference by
double-stranded RNA in Caenorhabditis elegans. Nature 391,
806–811.
20. Tavernarakis, N., Wang, S.L., Dorovkov, M., Ryazanov, A., and
Driscoll, M. (2000). Heritable and inducible genetic interference
by double-stranded RNA encoded by transgenes. Nat. Genet.
24, 180–183.
21. Knobel, K.M., Jorgensen, E.M., and Bastiani, M.J. (1999).
Growth cones stall and collapse during axon outgrowth in
Caenorhabditis elegans. Development 126, 4489–4498.
22. Loureiro, J., and Peifer, M. (1998). Roles of Armadillo, a Dro-
sophila catenin, during central nervous system development.
Curr. Biol. 8, 622–632.
23. Oda, H., and Tsukita, S. (1999). Nonchordate classic cadherins
have a structurally and functionally unique domain that is absent
from chordate classic cadherins. Dev. Biol. 216, 406–422.
24. Tepass, U. (1999). Genetic analysis of cadherin function in ani-
mal morphogenesis. Curr. Opin. Cell Biol. 11, 540–548.
